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The research  reported here  i s  a con t inua t ion  of our 
systematic  i n v e s t i g a t i o n s  of t h e  t r a n s i t i o n  group elements i n  Gap. 
T r a n s i t i o n  metal impur i t i e s  con ta in  an incomplete d - she l l  whose 
p r o p e r t i e s  can be descr ibed i n  terms of c r y s t a l  f i e l d  theory.  The 
d - o r b i t a l s  of t h e  f r e e  atoms are w e l l  understood and i n  t h e  weak 
f i e l d  scheme t h e  e f f e c t  of c r y s t a l l i n e  environment can be t r e a t e d  as 
a per turba t ion .  Observation of t he  o p t i c a l  absorp t ion  s p e c t r a  due 
t o  t r a n s i t i o n s  wi th in  t h e  d-she l l  w i l l  g ive  t h e  number of d -e l ec t rons  
and t h e  symmetry of t h e i r  environment. The l a s t  q u a r t e r  was mainly 
d e v o t e d  to s t i ~ r t y i n g  the optical  abscrptic:: spcz t ra  ~f i r o n  fn Gap. 
2 8  The free i r o n  ion  has a 4s 3d conf igu ra t ion  and t h e  
ground s t a t e  according t o  Hund's r u l e  i s  5D. 
i n  GaP w i l l  produce the  d6  cenf igu ra t ion  i f  i r o n  atoms s u b s t i t u t e  
f o r  gal l ium atoms i n  t h e  l a t t i c e  and t h e  Fermi l e v e l  l ies  a t  or above 
t h e  i r o n  acceptor  l eve l .  The i r o n  r e p l a c i n g  gal l ium as an impur i ty  
c o n t r i b u t e s  two 4s e l ec t rons  f o r  bonding, l eav ing  a d conf igu ra t ion  
and an u n f i l l e d  acceptor  leve l .  The t h i r d  e l e c t r o n  needed f o r  
bonding can be taken from f r e e  e l e c t r o n s  i n  t h e  conduct ion band 
( f i l l i n g  t h e  acceptor  l eve l )  i f  t h e  Fermi l e v e l  i s  above t h e  acceptor  
l e v e l .  Another p o s s i b i l i t y  is  t h a t  t h e  t h i r d  e l e c t r o n  w i l l  be taken  
from a d6  conf igu ra t ion  leaving  a d 5  conf igura t ion .  This  can happen 
We can expect  t h a t  i r o n  
6 
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i f  t h e  Fermi l e v e l  l i e s  under t h e  acceptor  l e v e l .  
The energy l e v e l  scheme of a d6 c o n f i g u r a t i o n  i n  
t e t r a h e d r a l  symmetry has  been worked out t h e o r e t i c a l l y  by W. Low 
and M. Weger‘l). 
o r b i t a l  double t  5E and an o r b i t a l  t r i p l e t  5T2. The s p i n - o r b i t  
coupl ing  of f i r s t  and second o r d e r  w i l l  remove t h e s e  degeneracies.  
Th i s  i s  presented i n  Fig.  1. 
only  by second o r d e r  sp in -o rb i t  s p l i t t i n g  producing f i v e  d i s c r e t e  
l e v e l s .  Some of them w i l l  s t i l l  degenerate so t h a t  according t o  
t h e  Jahn-Tel le r  theore!t2! t h e  impur i ty  w i l l  d i s p l a c e  i t s e l f  t o  a 
lower symmetry t o  remove t h e  degeneracy. Th i s  symmetry displacement 
w i l l  take p l ace  i n  t h e  [loo] d i r e c t i o n .  
Fig. 1 t h i s  displacement i s  represented  as an a d d i t i o n a l  a x i a l  f i e l d  
i n  t h e  [loo] d i r e c t i o n .  
I n  t h i s  symmetry t h e  5D l e v e l  w i l l  s p l i t  i n t o  an 
The lowest l e v e l  5E w i l l  be s p l i t  
I n  our  scheme presented i n  
6 The energy l e v e l s  of t h e  ground s ta te  d c o n f i g u r a t i o n  
are given i n  Table  1. Here Dq r e p r e s e n t s  a cons t an t  f a c t o r  and i s  a 
measure of t h e  c r y s t a l  f i e l d  s t r e n g t h .  A r e p r e s e n t s  t h e  a x i a l  
c o n t r i b u t i o n  and X i s  t h e  sp in -o rb i t  coupling. To our  knowledge 
t h e  zero-phonon s p e c t r a  of d i v a l e n t  i r o n  i n  cub ic  f i e l d s  has  not 
yet been published. Accordingly, w e  have s t a r t e d  ou r  exper imenta l  
work by looking  a t  t h e  s p e c t r a  of i r o n  i n  some 1 1 - V I  compounds, 
where w e  can be s u r e  t h a t  we are d e a l i n g  wi th  d6 conf igu ra t ions .  
I n  add i t ion ,  the s o l u b i l i t y  of i r o n  i n  1 1 - V I  compounds i s  h igh  SO t h a t  
i t  i s  e a s y  t o  observe absorption spec t r a .  The measurements were 
made a t  l i q u i d  helium temperature i n  a Perkin-Elmer 621 g r a t i n g  
spectrometer.  The s p e c t r a  were taken  from 4000 c m  t o  2000 c m  , -1 -1 
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us ing  a c r y o s t a t  w i th  sapphire windows. The sample w a s  a t tached  t o  
t h e  cold f i n g e r  of t h e  c ryos t a t  and i t s  temperature was measured us ing  
a c a l i b r a t e d  carbon r e s i s t o r .  I t  was about 8 K. Below w e  r e p o r t  t h e  0 
o p t i c a l  s p e c t r a  of d i v a l e n t  i ron  i n  ZnSe, ZnTe, and CdTe. 
a) O p t i c a l  s p e c t r a  of ~ e + ~  in  ZnSe 
For t h i s  work, s i n g l e  c r y s t a l s ' o f  ZnSe doped with Fe were 
used which had been grown a t  SERL, Baldock, England. The o p t i c a l  
spectrum is shown i n  Fig.  2 ;  p a r t  of t h i s  spectrum taken  wi th  h ighe r  
r e s o l u t i o n  i s  shown i n  Fig. 3. 
The absorp t ion  spectrum c o n s i s t s  of t h r e e  main peaks 
connected w i t h  t r a n s i t i o n s  from ground s t a t e  t o  5T 
s p l i t  i n t o  t h r e e  l e v e l s  by f i r s t  o r d e r  s p i n - o r b i t  s p l i t t i n g .  The 
s t a t e  which i s  2 
f i n e  s t r u c t u r e  which appears on t h e  low energy s i d e  of t h e  spectrum 
is CGnncCted w i t h  transiticns f r c m  the first  fGur  levels Gf the grGund 
5 
sCaz0 Y, wh+&-are a c u p i e d  accord ing  t o  a fioitzman a i s t r i b u t i o n .  We 
a t t r i b u t e  t h e s e  peaks t o  t h e  fo l lowing  t r a n s i t i o n s  (according t o  
scheme i n  Fig.  1): 
-1 
-1 
-1 
-1 
1 -, 8 = 2738 c m  
2 + 8 = 2722 c m  
3 -, 8 = 2711 c m  
4 + 8 = 2693 c m  
Because n 
23 h4 1 4 8 = 1 0 D q + 3 h + -  - 
5 Dq 
n 
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We can calculate  t h e  exact value of t h e  f a c t o r  Dq and t h e  sp in -o rb i t  
coupl ing  parameter A. The r e s u l t s  are 
-1 -1 DQ = 293 cx ; X = 2.88 ~iii 
The value of sp in -o rb i t  coupling parameter A i s  smaller than f o r  t he  
f r e e  d i v a l e n t  i r o n ,  which i s  101 c m  (3). This  small reduct ion  may be -a 
caused by some sc reen ing  of the e l e c t r o s t a t i c  i n t e r a c t i o n  between 
e l e c t r o n s  w i t h i n  t h e  d-she l l .  
The s e p a r a t i o n  between t h e  2 + 8 peak and t h e  3 + 8 peak 
-1 i s  only  11 c m  smaller than  between t h e  1 + 8 and t h e  2 + 8 and 
between 3 + 8 and 4 + 8. This may be connected wi th  e x i s t e n c e  of 
small  Jahn Te l l e r  d i s t o r t i o n s  A = 2.7 c m  . -1 
T r a n s i t i o n s  t o  upper l e v e l s  of t h e  5T l e v e l  are not  so 2 
sharp.  Th i s  broadening can be caused by i n t e r a c t i o n s  wi th  d i f f e r e n t  
Yihra t ion  modes. Witho!lt going intc! detail ~ we csln say t h a t  the 
crys€aT- f i e l d  theory s a t i s f a c t o r i l y  e x p l a i n s  t h e  o p t i c a l  s p e c t r a  of 
i r o n  i n  ZnSe. 
b) O p t i c a l  s p e c t r a  of Fe+2 i n  ZnTe 
S i n g l e  c r y s t a l s  of ZnTe were prepared i n  t h e  Department 
of Ma te r i a l s  Science,  Stanford Univers i ty .  I r o n  w a s  evaporated on 
both su r faces  of t h e  sample  and d i f f u s e d  a t  1000 C f o r  24 hours. A f t e r  0 
t h a t  t he  sample w a s  lapped and o p t i c a l l y  pol i shed .  The abso rp t ion  
spectrum of i r o n  i n  ZnTe i s  shown i n  Fig.  4. The whole spectrum i s  
compressed a s  compared wi th  t h a t  f o r  ZnSe. Th i s  comparison i s  caused 
by a r educ t ion  of t h e  sp in-orb i t  coupl ing  parameter, t o  a va lue  
A”- -50 c m  . -1 A t  t h e  low energy s i d e  of t h e  spectrum w e  have on ly  
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-1 -1 with ha l f  width Av = 11 c m  one s t rong  peak a t  2487 cm 
which i s  twice as broad as  the 2738 c m  peak f o r  ZnSe. Because of a 
m a l l  value of sp in -o rb i t  coupling parameter h ,  i t  i s  poss ib l e  t h a t  
t h i s  peak c o n s i s t s  of two peaks which cannot be resolved.  The calcula- 
ted  second o r d e r  sp in -o rb i t  s p l i t t i n g  f o r  t h i s  case i s  5.7 c m  , 
comparable with thermal energy a t  8 K. The next  peak a t  2472 c m  
can be connected wi th  5 + 8 t r a n s i t i o n  i f  w e  have a pronounced Jahn 
T e l l e r  d i s t o r t i o n .  A reduct ion i n  t h e  s p i n - o r b i t  coupl ing parameter 
and t h e  Racah parameters from f r e e  i o n  values  would be expected i n  
t h e  s o l i d  from l igand  f i e l d  theory,  owing t o  t h e  spread of t h e  i r o n  
d wave func t ions  onto  t h e  neighboring l i gands  (Se or T e  i n  t h e  case 
of Fef2 i n  ZnSe or ZnTe). 
h 
work w e  are not  ab le  t o  say  which of t h e s e  two mechanisms i s  respons i -  
h l p  for +he red i i c t ion  i n  sp in -o rb i t  s D l i t t i n g .  Tt i s  poss ib l e  t h a t  
both p l ay  important ro l e s .  The va lue  of Dq obta ined  from t h e  spectrum 
i s  263 c m  . 
(see Fig.  5) 
-1 
-1 
0 -1 
Another exp lana t ion  of t h e  reduct ion  i n  
A t  t h i s  s t a g e  of t h e  can be based on t h e  dynamic Ham effect(4! 
-1 
c) Opt i ca l  s p e c t r a  of Fef2 i n  CdTe 
I n  t h i s  s tudy s i n g l e  c r y s t a l s  of CdTe were used which 
had been prepared at Warsaw Universi ty ,  Poland. I r o n  w a s  evaporated 
on t h e  su r face  of t h e  sample and d i f fused  a t  960 C f o r  24 hours.  The 
spectrum taken a t  l i q u i d  helium temperature  i s  shown i n  Fig. 6. The 
ha l f  width of t he  absorp t ion  band i s  t h e  same as i n  ZnTe. The va lue  
of t h e  sp in -o rb i t  coupl ing parameter A i s  -50 c m  and t h e  va lue  
of t h e  c r y s t a l  f i e l d  parameter Dq i s  238 c m  . The d e t a i l e d  s t r u c t u r e  
0 
-1 
-1 
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-1 of t h e  main peak i s  shown i n  Fig.  7. W e  i n t e r p r e t  t h e  peak at 2282 c m  
as a t r a n s i t i o n  1 + 8 and 2 + 8 on t h e  b a s i s  of t he  arguments g iven  f o r  
ZnTe. The peak 2265 c m  i s  a t t r i b u t e d  t o  t h e  t r a n s i t i o n  4 8 . The 
o r i g i n  of t h e  two a d d i t i o n a l  peaks a t  2291 c m  and 2309 c m  i s  not  
w e l l  understood. I n  a corresponding reg ion  of t he  spectrum of ZnTe 
w e  see only  a broad shoulder.  
-1 
-1 -1 
Conclusions 
These prel iminary r e s u l t s  a l low us t o  draw a few con- 
c lus ions .  The most important i s  t h a t  t he  s p e c t r a  of d i v a l e n t  i r o n  
i n  1 1 - V I  compounds can be explained on t h e  b a s i s  of low-field c r y s t a l  
f i e l d  theory.  The c h a r a c t e r  of t h e  s p e c t r a  shows t h a t  i r o n  occupies  
t e t r a h e d r a l  s i tes  i n  t h e  c rys ta l s  s tud ied .  The measurements i n d i c a t e  
t h a t  i r o n  s u b s t i t u t e s  f o r  zinc and cadmium i n  t h e s e  materials. The 
zero phonon spectra all@w 1-1s t.0 give precise va.ll.les of D q j  which is 
~ , ~ ~ ~ ~ ~ ~ . ~  wf >he czysALc L A J d  _ L  A*_ ____, i _  _ _ _  l- A l - 2  . C - - L - -  
3 L I G l l ~ L l L  iulU L V  >GG l L U W  L l l J . 5  + C & L L U +  
depends on l a t t i c e  cons tan t .  Th i s  dependence i s  p l o t t e d  i n  Fig.  8. 
C r y s t a l s  wi th  a h igher  l a t t i c e  cons t an t  show a smaller va lue  of Dq. 
The r educ t ion  of sp in -o rb i t  coupl ing parameter h i n  t e l l u r i u m  com- 
pounds i s  a l s o  i n t e r e s t i n g .  A t  t h i s  s t a g e  of t he  work, however, we 
have no t  enough experimental  evidence t o  reach d e f i n i t i v e  conclus ions  
on t h e  behavior of h. 
Opt ica l  s p e c t r a  of Fe+2 i n  GaP 
Severa l  d i f f u s i o n  runs  of i r o n  i n t o  p o l y c r y s t a l l i n e  GaP 
have been made. I r o n  was evaporated on both s i d e s  of t h e  samples 
and d i f fused  f o r  24 hours a t  temperatures  ranging  from 1270 C t o  
0 
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1300°C. The samples were then lapped from both s i d e s  and o p t i c a l l y  
polished. The absorp t ion  spectrum of d i v a l e n t  i r o n  i n  GaP i s  shown 
i n  Fig. 9 f o r  l i q u i d  n i t rogen  temperature , and i n  Fig.  10 f o r  l i q u i d  
helium temperature.  The s p e c t r a l  range was extended t o  4000 c m  -1 
by us ing  a Cary 14 I R  spectrometer. P a r t  of t h e  spectrum on t h e  low 
energy s i d e  taken  with f i v e  times h igher  r e s o l u t i o n  i s  shown i n  
Fig.  11. Th i s  p a r t  of t h e  spectrum i s  very s imilar  t o  t h e  co r re s -  
ponding one f o r  ZnSe. As i n t h e c a s e  of ZnSe w e  a t t r i b u t e  t h e  f o u r  
peaks t o  t h e  corresponding t r a n s i t i o n s :  
-1 
-1 
1 + 8 = 3349 c m  
2 8 = 3331 c m  
-1 
-1 
3 8 = 3321 c m  
4 ,5  + 8 = 3305 c m  
The f i r s t  two t r a n s i t i o n s  allow u s  t o  c a l c u l a t e  a parameter Dq and 
a s p i n - o r b i t  coupl ing  parameter h. These g i v e  us: 
-1 
-1 
Dq = 355 c m  
A = -87 c m  
The p o s i t i o n  of t h e  peak 3321 c m - l  i s  a t t r i b u t e d  t o  3 3 8 t r a n s i t i o n  
and sugges t s  a s l i g h t  Jahn T e l l e r  d i s t o r t i o n  almost t h e  same as i n  
ZnSe - A = 2.5 c m  . -1 
The next  peak a t  3305 c m - l  i s  a t t r i b u t e d  t o  t r a n s i t i o n s  
from t h e  4 and 5 l e v e l s  to t h e  8 l e v e l .  The s e p a r a t i o n  between them 
-1 -1 i s  only  3 c m  i f  t h e  Jahn T e l l e r  d i s t o r t i o n  is  2.5 c m  . The spectrum 
of i r o n  which w e  have obtained i n d i c a t e s  t h a t  w e  are d e a l i n g  wi th  a 
d conf igu ra t ion  i n  a t e t r a h e d r a l  coord ina t ion .  T h i s  i n d i c a t e s  t h a t  6 
i r o n  atoms replace gall ium atoms s u b s t i t u t i o n a l l y .  The spectrum of 
- 7 -  
d i v a l e n t  i r o n  i n  gal l ium phosphide can 
the  b a s i s  of c r y s t a l  f i e l d  theory, and 
(which i s  a much more i o n i c  c r y s t a l ) .  
t h e r e f o r e  be explained on 
equa l ly  as w e l l  a s  i n  ZnSe 
-1 The value of Dq = 355 c m  , 
which i s  h igher  than f o r  11-VI compounds, shows a h igher  degree of 
covalency . ( 7 )  
It  may appear su rp r i s ing  t h a t  c r y s t a l  f i e l d  theory,  
o r i g i n a l l y  developed f o r  i on ic  environments, works w e l l  f o r  a co- 
valen t  s y s t e m  such as iron-doped gal l ium phosphide. Th i s  i n d i c a t e s  
t h a t  t h e  bonding and d -o rb i t a l s  do not i n t e r a c t  s t r o n g l y  as has  
usua l ly  been assumed. The  r e s u l t s  of previous work i n  our  l abora to ry  
on GaP doped w i t h  coba l t ,  and the  r e s u l t s  repor ted  here ,  show t h a t  
c r y s t a l  f i e l d  theory  can be used t o  ob ta in  d e t a i l e d  e l e c t r o n  models 
of semiconductor impur i t i e s .  These a r e  t h e  f i r s t  experimental  
i n d i c a t i o n s  t h a t  t h i s  approach t o  deep-lying impuri ty  l e v e l s  i n  
(6) 
I-...----_I-_ c n m i r n n A i r p + n r c  - - - - is 2 r r ~ l i d  ( I S ~ P -  
~ - 
The absorpt ion spec t r a  presented i n  Figs.  9, 10 and 11 are 
t h e  r e s u l t  of a 24-hour d i f fus ion  of i r o n  a t  128OOC. 
d i f f i c u l t  t o  ge t  s p e c t r a  of d iva l en t  i r o n  i n  Gap. Severa l  samples 
showed no s t r u c t u r e  a t  a l l  i n  t h i s  reg ion  except  f o r  a s t e a d i l y  increas-  
i n g  absorpt ion with wavelength, t y p i c a l  f o r  p-type Gap. The Fermi 
l e v e l  w a s  below t h e  acceptor  l e v e l  of i r o n  and we were probably 
dea l ing  t h e r e f o r e  wi th  a d configurat ion.  Th i s  change of type 
could be caused by a d i f f u s i o n  of copper from q u a r t z  ( t h e  s o l u b i l i t y  
of a copper i n  GaP i s  high),  producing shallow acceptor  l e v e l s .  
I t  i s  very 
5 
Those samples which were s t r o n g l y  n-type showed a s t r o n g  
-1 
absorp t ion  between 4000 cm and 3000 cm-l. Th i s  absorp t ion  i s  
- 8 -  
without any s t r u c t u r e  a t  l i qu id  helium temperature and i s  caused 
by t r a n s i t i o n s  between conduction bands . ( 8 )  
Ir. t h e  next quar te r  w e  s h a l l  cont inue a s tudy  of i r o n  i n  
Gap. We a r e  i n t e r e s t e d  a l s o  i n  a s tudy of GaP doped with coba l t  and 
zinc.  
d -e lec t ron  i n  a bonding o r b i t a l .  We have made some prel iminary 
measurements of photoconduct ivi ty  i n  p-type GaP doped wi th  Co and Zn. 
This  w i l l  be reported i n  t h e  next qua r t e r .  
This  s y s t e m  a l s o  should produce a d6 conf igura t ion  wi th  one 
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Fig.  1 
Fig. 2 
FIGURES 
Energy l e v e l  scheme of i n  combined t e t r a h e d r a l  and 
a x i a l  f i e l d s .  The f i g u r e  shows t h e  l e v e l s  a s  s p l i t  by 
t h e  f i e l d  and by sp in-orb i t  coupling. The energy of t he  
l e v e l s  i s  given i n  Table  I according t o  t h e  numbers next  t o  
t h e  l e v e l .  
Absorption spectrum of ZnSe: Fe a t  l i q u i d  helium temperature.  
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Fig. 11 
-1 ZnSe: Fe expanded absorption i n  t h e  2700 c m  region. 
Absorption spectrum of ZnTe: Fe a t  l i q u i d  helium temperature. 
ZnTe: Fe expanded absorption i n  t h e  2500 c m  region. -1 
Absorption spectrum of CdTe: Fe a t  l i q u i d  helium temperature. 
CdTe: Fe expanded absorption i n  t h e  2300 c m - l  region. 
E f f e c t  of l a t t i c e  cons tan t  on magnitude of Dq i n  1 1 - V I  
compounds. The value of Dq f o r  CdS was c a l a c u l a t e d  from 
t h e  r e s u l t s  of R. Pappalardo and R.E. D i e t 2 5  t aken  a t  
l i q u i d  n i t r o g e n  temperature. 
Absorption spectrum of Gap: Fe a t  l i q u i d  n i t rogen  
temperature. 
Absorption spectrum of Gap: Fe a t  l i q u i d  helium temperature. 
Gap: Fe expanded absorption i n  t h e  3300 c m  r eg ion  at 
l i q u i d  helium temperature. 
-1 
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TABLE 1 - Energy l e v e l s  of t h e  ground s t a t e  of t h e  d6 c o n f i g u r a t i o n  
i n  a t e t r a h e d r a l  f i e l d  and a x i a l  f i e l d  i n  t h e  (100) d i r e c t i o n .  
The a x i a l  f i e l d  is  of t h e  same o r d e r  as t h e  second o r d e r  
sp in -o rb i t  coupling (Dq >> h;  h2/Dq A ;  4 > 9) 
Energy Levels 
E2 = -6Dq - 3 - - h2 - 2A 
5 Dq 
n 
2 
4 5 Dq 
E = -6Dq - 2 + 2A 
l2 2A E5 = - - 5 Dq - - 
2 
5 Dq 
E6 = -6Dq - - h + 2 A  
E7 = -- - ai 
9 h2 A 
3 h2 A 
E 8 = 4 D q + 3 h + -  - -  25 Dq 
9 ?L2 
Eg = 4Dq + 3h + - - + 2A 25 Dq 
E10 = 4Dq + h + - - - 
5 Dq 
3 A2 A = 4 D q + A + 2 -  - -  
5 Dq 
E12 5 Dq 
E13 = 4Dq - 2h + - 
= 4 D q + h + 2 ?  e+2A 
A 2 3 A2 
5 5 D q -  
3 h2 A E14 = 4Dq - 2h + 2 - 
E15 = 4Dq - 2h + 2 - I2 + 2A 
= 4 D q - 2 h + 4 3  g + 2 A  
- - 
5 Dq 
5 I h  
E16 5 Dq 
Tot  a1 
Degeneracy 
1 
2 
1 
2 
1 
1 
2 
1 
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The purpose of t h i s  p r o j e c t  i s  t o  s tudy  t h e  p repa ra t ion  
and c h a r a c t e r i z a t i o n  of r e c t i f y i n g  j u n c t i o n s  i n  GaP and G ~ A S ~ P ~ - ~ .  
I n  p a r t i c u l a r ,  w e  wish b r e l a t e  t h e  s t r u c t u r e  of t h e  c r y s t a l s  t o  
t h e  e lec t r ica l  p r o p e r t i e s  of t h e  junc t ions .  
A. Imperfec t ions  i n  G a l l i u m  Phosphide C r y s t a l s  
Work done under t h i s  p r o j e c t  i n  prev ious  q u a r t e r s  has  
revea led  t h a t  a l l  of t h e  GaP c r y s t a l s  grown e p i t a x i a l l y  i n  t h i s  
l a b o r a t o r y  con ta in  p l ana r  imperfec t ions  t h a t  are p a r a l l e l  t o  (111) 
planes.  When z i n c  from an elemental  source  i s  d i f f u s e d  i n t o  a 
GaP c r y s t a l  w i t h  t h e s e  imperfections,  i t  appa ren t ly  d i f f u s e s  down 
t h e  imperfec t ions  moreFqu1ckly than  i t  dirluses iiii-oiigh t h e  %lk. 
T h i s  l e a d s  t o  a d i f f u s i o n  f r o n t  t h a t  i s  n o t  p l ana r ;  i t  con ta ins  
many sp ikes .  S ince  z i n c  i s  t h e  impur i ty  most cunmonly used as an 
acceptor  i n  Gap,  i t  is  worthwhile f o r  u s  t o  determine t h e  n a t u r e  of 
t h e  p l ana r  c rys t a l  imperfections and t h e  mechanism by which t h e s e  
d i f f u s i o n  s p i k e s  are formed. 
. .. 
During t h i s  q u a r t e r  our i n v e s t i g a t i o n s  have been con- 
cerned wi th  c h a r a c t e r i z i n g  t h e  p l ana r  c r y s t a l  imperfec t ions .  Be- 
cause  t h e s e  imperfec t ions  a re  p a r a l l e l  t o  E1113 planes ,  which are 
close-packed, w e  suspec t  t h a t  t h e  imper fec t ions  are e i t h e r  s t a c k i n g  
* 
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f a u l t s  or s l i p  traces. A s t ack ing  f a u l t  i s  t h e  imperfec t ion  t h a t  
occurs  where t h e  { l l l ]  planes of t h e  c r y s t a l  are no t  stacked i n  t h e  
usua l  order .  Such an imperfec t ion  does no t ,  by i t s e l f ,  involve  any 
d i s l o c a t i o n s  or p lace  any s t r a i n  on t h e  c r y s t a l .  I f  a s t a c k i n g  
f a u l t  does not extend a l l  t h e  way t o  t h e  edge of t h e  c r y s t a l ,  
however, i t  must end i n  a p a r t i a l  d i s l o c a t i o n .  A s l i p  trace r e s u l t s  
when two { l l l ]  p lanes  s l ide  ac ross  each o the r .  Th i s  l eaves  a set 
of p a r a l l e l  d i s l o c a t i o n s  between t h e  p l anes  t h a t  s l i pped .  
B. E tch ing  
Typica l ly ,  a d i s l o c a t i o n  e t chan t  r e v e a l s  t h e  p l a n a r  
imperfec t ions  i n  t h e  c r y s t a l s  as s t r a i g h t  grooves etched i n t o  t h e  
c r y s t a l  s u r f a c e  a t  t h e  i n t e r s e c t i o n s  of t h e  imperfec t ions  and t h e  
sur face .  I f  a l i g h t  e t c h  were t o  r e v e a l  t h a t  an e t c h  groove i s  
r e a l l y  a set of e t c h  p i t s  which are very  c l o s e  toge the r ,  w e  would 
have s t r o n g  evidence t h a t  t h e  p i t s  correspond t o  ciisiocaiiuiis &id 
t h a t  t h e  set of d i s l o c a t i o n s  mark a s l i p  trace. I f  a l i g h t  e t c h  
revea led  t h a t  grooves have smooth bottoms, then  w e  might be 
observ ing  e i t h e r  a s t ack ing  f a u l t  or a s l i p  t r a c e  i n  which t h e  
d i s l o c a t i o n s  are so c l o s e  toge ther  t h a t  t h e y  cannot be resolved. 
We etched two GaP samples l i g h t l y  ( 3 t o  5 minutes 
a t  room temperature) i n  8 K3Fe(CNl6: 12 KOH: 100 H20. 
groove bottoms were no t  smooth, but under 1000 times magn i f i ca t ion  
i t  was not p o s s i b l e  t o  t e l l  i f  t h e  unevenness i n  t h e  bottoms of t h e  
grooves w a s  f a c e t s  or rows of e t c h  p i t s .  I t  was observed t h a t  some 
e t c h  grooves end i n  a r o w  of p i t s .  However, cont inuing  t o  e t c h  
The r e s u l t i n g  
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t h e  sample f o r  an extended period of time d i d  no t  make the  p i t s  
merge i n t o  a groove. 
C. Bi re f r ingence  
I f  a pe r fec t ,  unstrained c r y s t a l  of a t r anspa ren t  
cubic  ma te r i a l  were observed i n  t ransmi t ted  l i g h t  i n  a p o l a r i z i n g  
microscope, no l i g h t  should be t ransmi t ted  when the  p o l a r i z e r s  
are crossed.  I f  such a crystal  i s  s t r a i n e d ,  however, a plane- 
po lar ized  l i g h t  wave en te r ing  t h e  sample i s  s p l i t  i n t o  two 
components which a re  plane polar ized i n  the  d i r e c t i o n s  of t h e  
p r i n c i p l e  stresses [Ref. 11. Thus, i f  t he  crossed p o l a r i z e r s  are 
ro t a t ed  i n t o  a p o s i t i o n  where t h e  d i r e c t i o n  of a p r i n c i p l e  stress 
i n  the  c r y s t a l  i s  the  same as t h e  d i r e c t i o n  of p o l a r i z a t i o n  of t h e  
p o l a r i z e r ,  t h e  c r y s t a l  w i l l  not  a f f e c t  t h e  p o l a r i z a t i o n  of t h e  
l i g h t ,  and no l i g h t  w i l l  be t ransmi t ted .  I f  t h e  crossed p o l a r i z e r s  
are rotated- i&+ any etner pwsiti~n, light w t l l  be t r ansmi t t ed .  
Hence, t he  o r i e n t a t i o n  of s t r a i n  i n  a c r y s t a l  may e a s i l y  be found 
by p lac ing  t h e  crystal  i n  a p o l a r i z i n g  microscope. One f i n d s  a 
spot  i n  t h e  c r y s t a l  where l i g h t  i s  t ransmi t ted .  Then one r o t a t e s  
t h e  crossed p o l a r i z e r s  u n t i l  t h e  l i g h t  is  ex t inguished;  t h e  
p o l a r i z e r  i s  then or ien ted  i n  the  same d i r e c t i o n  as a p r i n c i p l e  
d i r e c t i o n  of stress. 
Since  GaP i s  cubic  and i s  t r anspa ren t  t o  a l l  v i s i b l e  
0 
l i g h t  wi th  a wavelength longer than about 5600 A, b i re f r ingence  
may be used t o  l e a r n  much about s t r a i n  i n  Gap. Pre l iminary  
experiments suggest t h a t  t h e  d i r e c t i o n s  of t h e  p r i n c i p l e  s t r e s s e s  
a r e  p a r a l l e l  t o  and perpendicular  t o  the  e t c h  grooves. However, 
- 3- 
t h e  stress f i e l d  does not appear  t o  be homogeneous along t h e  
l eng th  of an e t c h  groove. Light may be t r ansmi t t ed  through 
the  c r y s t a l  by b i r e f r ingence  on ly  along a small f r a c t i o n  of t h e  
l e n g t h  of a groove; no l i g h t  may be t r ansmi t t ed  along t h e  rest  of 
t h e  groove no matter what pos i t i on  t h e  crossed p o l a r i z e r s  are 
r o t a t e d  i n t o .  
D. Lang Topography 
I n  t h e  Lang method of x-ray topography, a co l l imated  
beam of x-rays i s  t ransmi t ted  through a c r y s t a l  i n  such a way t h a t  
p a r t  of i t  i s  r e f r a c t e d  through a Bragg angle. The t r ansmi t t ed  
beam i s  blocked, and t h e  r e f r ac t ed  beam i s  allowed t o  make an image 
on photographic f i lm.  The c r y s t a l  and t h e  f i l m  are s imul taneous ly  
moved i n  such a way t h a t  t h e  e n t i r e  c rys ta l  i s  scanned by t h e  x-ray 
beam. I f  t h e  c r y s t a l  is pe r fec t ,  t h e  f i l m  w i l l  be uniformly exposed 
iu the r e g i c ~  t h a t  corresponds t o  t h e  c r y s t a l .  If there is any 
s t r a i n  i n  t h e  c r y s t a l ,  or i f  t h e r e  are any imperfec t ions  i n  t h e  
c r y s t a l  t h a t  have assoc ia ted  s t r a i n  f i e l d s  (e.g., d i s l o c a t i o n s ) ,  
t h e s e  s t r a i n  f i e l d s  w i l l  be mapped on to  t h e  f i l m  s i n c e  t h e  s t r a i n  
d i s t u r b s  t h e  Bragg r e f r a c t i o n .  Th i s  technique has  been used q u i t e  
s u c c e s s f u l l y  t o  make a photographic record of t h e  l o c a t i o n s  and 
i n t e r a c t i o n s  of d i s l o c a t i o n s  i n  c r y s t a l s  [Ref. 21. 
We have attempted t o  make Lang topographs of ou r  
GaP c r y s t a l s ,  but o u r  attempts have been unsuccessfu l .  W e  t a k e  
t h i s  l a c k  of success  a s  f u r t h e r  evidence f o r  two th ings :  
1. The c r y s t a l s  c o n t a i n  a high concen t r a t ion  of 
d i s l o c a t i o n s .  W e  t y p i c a l l y  observe d i s l o c a t i o n  d e n s i t i e s  of 
- 4 -  
5 7 -2 3 x 10 
Lang [Ref. 23 g ives  1 x l o6  cm-2 a s  t h e  l i m i t  of  r e s o l u t i o n  f o r  
topographs i n  s i l i c o n .  
cm-2, and w e  have observed c l u s t e r s  as h igh  as 3 x 10 c m  . 
2. The c r y s t a l s  are very h igh ly  s t r a i n e d .  S ince  
imperfec t ions  are revea led  i n  Lang topographs because of t h e i r  s t r a i n  
f i e l d s ,  a d d i t i o n a l  s t r a i n  w i l l  mask t h e  imperfec t ions .  There are 
two a d d i t i o n a l  experimental  r e s u l t s  t h a t  sugges t  a l a r g e  amount of 
s t r a i n .  F i r s t ,  a large amount of l i g h t  is  t r ansmi t t ed  through o u r  
GaP c r y s t a l s  when t h e y  are observed under c rossed  p o l a r i z e r s .  
Second, Al len  [Ref. 31 has  repor ted  t h a t  ou r  GaP c rys t a l s  spon- 
taneous ly  c l e a v e  i n t o  small p i eces  when they  are lapped t h i n n e r  
than  two o r  t h r e e  thousands of an inch. 
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The purpose of t h s  p ro jec t  i s  t o  s tudy  t h e  
behavior of shallow donors i n  gal l ium phosphide. I n  p a r t i c u l a r  S, 
Se, and Te w i l l  be d i f fused  i n t o  GaP t o  determine s o l u b i l i t i e s  and 
d i f f u s i o n  parameters. T h i s  information w i l l  be use fu l  i n  d e l i n e a t i n g  
t h e  p r o p e r t i e s  of Gal? doped with these  shallow donor impur i t i e s .  
A. C r y s t a l  Growth 
During the  l a s t  q u a r t e r ,  14 undoped GaP s i n g l e  
c r y s t a l s  were grown by t h e  open tube method developed by Chen and 
Loescher i n  t h i s  labora tory .  Measurements of t h e  e l e c t r i c a l  proper- 
t i e s  of some of t hese  c r y s t a l s  are shown i n  Table 1, along wi th  t h e  
t h r e e  c r y s t a l s  reported pneviously. The cause of t h e  poor c rys ta l s ,  
which gene ra l ly  occur a t  the  beginning of a series of growths, is  
not known. Work is underway t o  determine and e l imina te  t h i s  
unknown f a c t o r  i n  t h e  growth condi t ions .  
B. Di f fus ion  Considerat ions 
Since t h e r e  has been no r epor t  on t h e  d i f f u s i o n  of 
s u l f u r  i n t o  GaP, i t  i s  necessary t o  guess a t  t h e  d i f f u s i o n  c o e f f i c i e n t  
of S i n  GaP i n  order  t o  es t imate  t h e  required d i f f u s i o n  t i m e .  We 
can e x t r a p o l a t e  from reports of s u l f u r  d i f f u s i o n  i n t o  G a A s  by us ing  
* 
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t h e  fol lowing empir ica l  formula: 
D (GaAs)  = D (Gap) where 
T, Trl 
t h a t  is, the  d i f f u s i o n  c o e f f i c i e n t  of s u l f u r  i n  GaAs a t  temperature 
T1 i s  t h e  same a s  t h a t  of s u l f u r  i n  GaP a t  T2 where T /T 
t o  t h e  r a t i o  of t h e  mel t ing  temperature of t h e  two materials. This  
i s  equal  1 2  
is equiva len t  t o  the  statement t h a t  i f  
D (GaAs) = Do exp - Q/kt then 
D ( G e l  = D exp - Q/mkt 
0 
The empir ica l  formula does not always g ive  very s a t i s f a c t o r y  r e s u l t s .  
However, i t  i s  use fu l  as a f i r s t  approximation i n  t h e  absence of 
any o the r  information.  
Using Kendal l ' s  data' f o r  s u l f u r  i n  GaAs,  we f ind  
2 
t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  S i n  GaP i s  6 x 10 cm /per  sec. 
0 
a t  1200 C, about an order  of magnitude less than i n  GaAs.  Thus f o r  
a pene t r a to r  depth of 1 m i l ,  d i f f u s i o n  times approximately 24 hours 
long w i l l  be required.  
C . P r a c t i c e  Dif fus ion  (experimental)  
I n  o rde r  t o  pe r fec t  experimental  techniques,  a 
0 
number of 24 hour d i f f u s i o n s  have been c a r r i e d  out  a t  1200 C. I n  
t h i s  w e  p lace  s u l f u r  (non-radioactive),  phosphorus and t h e  undoped 
GaP sample i n t o  an ampoule, evacuate  t o  10 t o r r ,  and seal. S ince  -5 
w e  a r e  working wi th in  t h e  so l idus  reg ion  i n  a t e r n a r y  system, i t  
i s  necessary t o  s pec i f  y two parameters i n  add i t ion  t o  t h e  temperature 
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i n  order  t o  completely spec i fy  t h e  system. A convenient choice of 
v a r i a b l e s  i s  t h e  pressures  of t h e  s u l f u r  and phosphorus i n  t h e  
aipoule  during d i f f u s i o n .  Considerat ion of t h e  t e r n a r y  phase s y s t e m  
Ga-P-S and experimental  l i m i t a t i o n s  have l e d  t o  t h e  use  of phos- 
phorus (P,) p ressures  between 2 x 10  
between 10 ATM and 1 ATM - on t h e  one hand, p re s su res  cannot be 
so high as  t o  cause explosions while  on the  o t h e r  hand, s u f f i c i e n t  
amounts of s u l f u r  must be present  so t h a t  t he  amount d i f fused  i n t o  
t h e  sample i s  small  compared t o  t h a t  i n  t he  surrounding vapor. 
Control  samples with no s u l f u r  source were a l s o  placed i n  t h e  furnace.  
-2 and 1 ATM and s u l f u r  p re s su res  
-3 
A s  a r e s u l t  of these d i f f u s i o n  experiments,  i t  has 
been found t h a t  s e r i o u s  sur face  a t t a c k  t o  t h e  GaP samples occurs,  
I t  i s  bel ieved t h a t  vapor t r anspor t  of t he  GaP sample occurs  - 
s i m i l a r  t o  t h e  r e a c t i o n  used i n  c losed tube e p i t a x i a l  growth of 
C;& - b ~ t :  GaT- f r o m  t k  z.mple is rarried by some t r a n s p o r t  agect, 
presumably water  molecules or  s u l f u r  atoms and deposi ted a t  some 
coo le r  spot  on the  w a l l s  of t he  ampoule. 
The equivalent  su r f ace  l o s s  i s  g e n e r a l l y  2 - 3 microns 
when no s u l f u r  i s  present  and approximately 8 - 10 microns with s u l f u r  
present .  S ince  t h e  removal of t h e  GaP from t h e  s u r f a c e  i s  not  
uniform, the  a c t u a l  su r f ace  roughness i s  g r e a t e r  than t h i s ,  Since 
s u l f u r  i s  expected t o  d i f f u s e  i n  only 25 microns f o r  a 24-hour 
d i f f u s i o n  a t  1200 C, t h i s  sur face  l o s s  w i l l  cause l a r g e  e r r o r s  i n  t h e  
data .  
0 
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. c 
Some modi f ica t ions  of experiment a1 technique  are 
being considered which w i l l  hopefu l ly  overcome t h e  t r a n s p o r t  
d i f f i c u i t y .  We are also  planning several  experiments w i th  selenium 
next  q u a r t e r  t o  see whether s imilar  d i f f i c u l t i e s  ar ise  i n  t h e  
Ga-P-Se sys tem.  
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TABLE 1 - R e s i s t i v i t y  and Mobility of Undoped GaP S ing le  Crys t a l s  
Grown During t h i s  Quar t e r  
Crys t a l  No. R e s i s t i v i t y  Hal l  Mobili ty C a r r i e r  Concen. 
(ohm-cm) ( cm2/ v - s e c (cm-3) 
1 23.6 96 2.8 x 10 15  
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  L A  
12 
13 
14 
15  
16 
17 
15 
7.9 112 7 x 10 
24.8 
51 
45.5 
15  
15 
15 
60 5 x 10 
59 2.1 x 10 
86 1.6 x 10 
No Measurement - good crys ta l  
14.8 105 4 x 10 
406 27 5.7 x 10 
15 
14 
N o  Measurement - poor c r y s t a l  
N o  Measurement - poor c r y s t a l  
I? good 
I t  I? 
I t  I 1  
II poor c r y s t a l  
I t  
l l  
good c r y s t a l  
11 
t l  I 1  
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